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SECTION I

INTRODUCTION AND SUMMARY

This final report is submitted to the United States Air Force, Air
Force Systems Command, Wright-Patterson Air Force Base, Ohio, in fulfillment
of Part I of Contract F'33615-74-C-2068. This contract covered the development
and evaluation of several Advanced Turbine Engine Controls Components. The
Part II effort was directed towards evaluating a means of controlling the
temperature environment of signal conditioning electronics for engine control
components. The work was performed during the period of June 1974 through
September 1976.

Advanced Turbine Engines are expected to have a large number of
variable-geometry control functions which will be controlled to provide optimal
performance throughout the aircraft mission profile. Engine functions require
an integrated control system to ensure their proper scheduling andproper fail-
safe interlocking. The number of control parameters to be sensed, the multiple
control modes to be established, the large number of control functions to be
accomplished, and the requirements to effectively interface with the aircraft
control system, all indicate the need for complex engine control systems.
In order to satisfy these requirements, electronic computing engine control
systems may be necessary, because of their adaptability and flexibility, to
satisfy these complex control requirements.
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Electronic elements of the engine control systems will require
protection against the high ambient temperatures to which they will be exposed
at their mounting locations on the engines. Requirements for these assemblies
to operate with ambient temperatures up to 500°F are a requirement for
advanced transonic/supersonic aircraft, The temperatures in high super-
sonic (Mach number 3, 5) applications reach 7500F. Since electronic components
are generally considered to be operable by their manufacturers as long
as their temperatures are limited to 257°F or below, some method of environ-
mentally protecting the electronics must be used. The major objective of this
project was the design and evaluation of a novel method of maintaining the tem-
perature of an electronic assembly below 257°F when exposed to ambient tempera-
tures up to 750°F, This maximum temperature was selected in order to provide
an adequate design margin and to allow for future growth in aircraft/engine
pertormance,

The program was intended to evaluate the ability of thermoelectric
cooling elements to provide the necessary cooling in this extreme environment,
and to establish the practicality of utilizing this approach for advanced turhine
engine controls. A special cooling module was developed as a test vehicle with
which the performance and durability of the thermoelectric elements could be
evaluated via bench and engine tests. The cooling module design was unique and
was based on heat transfer considerations. [t employed novel advanced technology
heat exchangers and provided an integrated structure to house the thermoelectric
elements and the demonstrator package of electronics attached to them for cooling.
The secondary cooling source employed JP-4 engine fuel at temperatures up to 330°F.

A signal conditioning circuit for thermocouples was selected to be
used for the test program. It was considered to be typical or representative of
the types of sensor conditioning circuits that would require thermal protection. The
circuit accepted eight thermocouple signal inputs and multiplexed their outputs over
a single communication ehannel.

The electronics consisted of a thermocouple amplifier, an eight
channel amplifier, a cold junction reference, and the analog section of a dual-
slope analog-to-digital converter on a one inch square thick film hybrid integrat-
ed circuit that was packaged into a thermally conditioned module. JP-4 fuel was
utilized as a heat sink and thermoelectric cooling elements were used to pump
the heat from the hybrid mounting surface to the fuel heat exchanger. The design
of the module also shunted the major heat from the environment directly into the
fuel heat exchanger.




The concept of thermoelectric cooling utilized in this project is
applicable to thermally protecting other engine sensors or signal conditioning
electronics. The approach used in this project is intended to point out an alterna-
tive to conventional packaging techniques for electronics for advanced high performance
aircraft engines.

The unit that was developed and tested weighed 1.45 pounds. It
functioned to measure 8 temperatures in range of 0°F to 3000°F and provided nominal
accuracies of 0.5 in an environment where the ambient temperature was varied
from -65°F to +750°F. The maximum temperature reached by the hybrid electronics
was 250°F. Under the worst case operating conditions, 1300 BTU's per hour were
pumped to the fuel of which 13 BTU/hr were removed by the thermoelectrics.
The thermoelectrics developed under this program were able to maintain a 90°F
differential between the hot plate (fuel cooled) and the cold plate (cooling the electronics).

The unit was also operated for 200. 5 engine test hours
mounted on a PW&A JT9D engine in a test cell. The unit was not used for engine
control since the test objectives were to demonstrate the mechanical integrity and
durability of the unit under severe engine acoustic and vibration environments.
Since the temperature environment in the test cell was very nominal, a full eval-
uation of the unit under worst case conditions when mounted on the engine could
not be demonstrated.

The specific effort performed under the contract included the follow-
ing tasks which are described in detail in other sections of this report:

a. Preliminary Design

b. Analysis of Alternate Sensor Types

c. Development of the Thermoelectric Cooling Element
and Heat Exchanger

d. Iabrication of the Circuit Breadboard

e. Temperature Control of Hybrid Integrated Circuit
f. Read-out Module Design

g. Thick Film Hybrid Circuit Pre-test

h. Component Assembly

i. Component Performance Test

jo lingine Test

k. Preparation of a IFinal Report
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The Thermally Conditioned Module (TCM) demonstrated that electron-
ic devices can be packaged so as to be cooled by thermoelectric cooling elemenis
to survive the environment of high performance aircraft turbine engines. Surviv-
ability at ambient temperatures up to 750°F and with cooling fuel temperatures up
to 3060 I’ was successfully demonstrated under bench tests.

Detail anlysis and results of the various tests performed are covered
in the body of the report. The module designed and tested during the study satis-
factorily demonstrated the concept feasibility.

® Correlation between the heat transfer analysis and test
data was good.

® Test at 750°F ambient and 300°F fuel temperature showed
the signal conditioning circuit temperature to be at 210°F.,

® The signal conditioning circuit functioned normally after
laboratory vibration tests and after engine testing.

® There was no apparent damage to the module as a result
of laboratory vibration testing or engine running. A
failure did occur in the heat exchanger. A minor design
change would correct this problem.

Using the analysis design techniques and correlation with test data
generated during the program, future applications can be specifically designed with
a high degree of confidence that results will conform to requirements.




SECTION I

THERMALLY CONDITIONED MODULE DESCRIPTION

2.1. GENERAL DESCRIPTION

The project described in this report included the following major tasks:
® Thermally Conditioned Module (TCM) mechanical design
® leat transfer analysis
@ Signal Conditioning circuit design and manufacture
® Thermoelectric heat pump design and manufacture
® Readout module design and manufacture.
® Test the completed TCM.

Details on each item design and test results are covered in subsequent
sections of this report.

A thermally conditioned module was designed to demonstrate a cooling
method whereby the electronic control devices installed directly on the engine would
be protected from ‘he severe temperature environments associated with Mach 3.5
aircraft. Ambient temperatures up to 500°F in the engine nacelles are expected to
be common for future supersonic aircraft. The module was designed to with-
stand ambient air temperature of 750°F with fuel at ten.peratures up to 330°F provided
as a heat sink. The selected design criteria for the module are:

Air Environment -65°F to 750°F
Air Velocity 50 ft/sec
Fuel Coolant Jet fuels conforming to

MIL-T-5624
MIL-G=5572
MIL-G-3056
VV-G76

(93]




Fuel temperatures -65°F to 330°F
Fuel flow rates thru

module heat exchanger 100 lbs/hr.
Hybrid Circuit Temperature

Limit 257°F Max.
Circuit Accuracy 0. 5% of Full Scale

A thermocouple signal conditioning circuit was selected to be used
for demonstrating the performance of a thermally conditioned module. This signal

conditioning assembly was considered to be typical of the type of signal conditioning circuits

and transducers that would require thermal conditioning. The electronic circuit was
designed to accept inputs from eight thermocouples and convert their output signals to
digital format. The outputs were multiplexed and transmitted to a remote digital
readout module. The thermoelectric cooling technique used in this design could also
be applied to pressure sensors, pyrometers, or any other engine mounted sensor and
associated electronics that require a thermally conditioned environment.

2.2. MECHANICAL DESIGN

The thermally conditioned module (TCM) is constructed of aluminum
to minimize weight and to obtain good heat transfer characteristics. A sectional view
showing the major components of the module is shown in Figure 1. A more complete
view of the various components of the module is shown in Bendix drawing number
FXD-33900, Section III, Figure 10 A photograph of the major subcomponents is
shown in Figure 2.  Samples of the primary and secondary heat exchanger laminations
are shown in Figure 3.

The heat exchanger modules were manufactured at the Bendix Research
Laboratories. The heat exchangers are fabricated from 0,010 inch thick sheets of
Type 1145 AL alloy. The individual plates were chemically milled, then joined by
diffusion bonding. The thermoelectric cooling element was furnished by Ohio Semi-
tronics, Inc. of € slumbus, Ohio. Additional discussion of this device can be found
in Section V and iy the Appendix.
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3 The techniques utilized to meet the design goal can be briefly
summarized as:

® A protective outer shield insulated from all other
parts of the module.

® An inner cover thermally anchored to a secondary
heat exchanger. -1

This combination of parts will keep the inner cover
at or near fuel temperature. The temperature sensitive i
elements are further protected by an air gap between the
inner cover and electronic circuit.

® Icat is radiated, conducted, and generated by the
electronic circuit. The electronic circuit is cooled by the
heat pumping action of the thermoelectrics to a tempera- 4
ture ninety (90°) degrees Fahrerheit less than
the incoming fuel temperature.

2.3. THERMAL DESIGN

The heat pumped by the heat exchanger includes all the thermal
radiation, convection and conduction lcaks from the environment and internally
generated heat. The internal heat is generated by electrical power dissipation and
by frictional losses resulting from the fluid flow through the heat exchanger in
addition to the conduction load imposed by the thermoelectrics. Under worst case

i conditions, the total heat load from these sources amount to 60 watts. The largest s
component of this load is due primarily to the inefficiency of the thermoelectrics ]
which contributes about 40 watts of heat. The secondary heat exchanger employs ]
the fuel from the primary heat exchanger to serve as a heat sink for the cover and
baseplate. The total heat contributed by the conduction path irom the cover and :1

1 the baseplate is 530 watts. Under worse case operating conditions, the operating q
temperature of the electronics is maintained at less than 250°F.  To provide for
the capability of pumping about 600 watts, high volumetric heat exchangers were 4

f designed. Details of the heat exchanger construction are shown in Figure 10,

Sections B-B, H-=11, J=J, P=P, I'=I and k-1 of Bendix Drawing FXD-=-33900.

10
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2.4. ELECTRONIC DESIGN

A block diagram of the thermally conditioned module system as \
tested and as envisioned for engine installation is shown in Figure 4. A system
block diagram of the electronics within the thermally conditioned module is
shown in Iigure 27 of Section IV. The module consists of a thermocouple ampli-
fier, an eight channel multiplier, a cold junction reference and the analog section
of a dual-slope analog-to-digital converter. The electronics within the module
are built on a one-inch square hybrid circuit. The accuracy of each channcl is
better than 0.27, when operated over a 212°F ambient temperature range. The
accuracy is achieved through the use of low=drift integrated circuits and precision
thick-film resistors. The unit is a custom hybrid built by the Bendix Acrospace
Division. A photograph of the unit is shown in Figure 5. Iurther detrils of
the electronic design can be found in Section IV,

2. 5. ASSOCIATED EQUIPMENT

Two items of support equipment were designed for testing the
thermally controlled module which are shown in Figure 6 with the module. A
digital readout module was required to monitor the eight (8) thermocouple signals
to establish the performance of the signal conditioning electronics located in the
thermally conditioned module. The readout module which was remotely located
from the module consists of the counter section of the analog-to-digital converter,
the numeric displays and the channel select logic. A digital-to-analog converter
is also provided to allow analog recording and display of the data channels. The
output signal of the thermally conditioned module is in digital form which the readout
module translates and displays in decimal form using seven segment light emitting
diodes. The readout module would not be required in an engine control application
since it would be replaced by an interface circuit in the digital engine controlier.

The second piece of equipment was a power supply for the thermo-
electric cooling element. The thermoelectric element requires DC curvent and
will provide heating or cooling. The polarity and magnitude of the input current
controls the amount of heating or cooling. The temperature of the clectronic circuit
and in the thermally controlled module was sensed by a thermistor mounted on the
hybrid integrated civcuit. The thermistor provided a control signal to the remotely
located power supply which adjusted the output current to the thermoclectric element
as required to maintain the desired temperature environment in the module. This
particular module design required approximately 40 watts maximum at cight (%)
ampere. Additional data on the power supply design is presented in Scection 1V,

11
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It should be noted that an airborne power supply would be required
to supply power to the thermoelectrics in an actual engine control application. Such
a unit would have to be designed to also survive the aircraft/engine environment.
This power supply could be incorporated into the engine electronic controller or
in the signal conditioning modules for the engine sensors. It would utilize power
directly from an engine furnished alternator. If the engine alternator is a high im-
pedance permanent magnet type, then only a set of rectifiers is required to provide |
the direct current for the thermoelectric cooler.




SECTION III

THERMAIL DESIGN AND DEVELOPMENT

S, GENERAL DESCRIPTION

The objective of the thermal design and development phase of this
program was to provide for adequate cooling of a hybrid electronic package.
Simplified schematics showing the thermally conditioned module construction and
associated thermal transfer paths are shown in Figure 7. The baseline for tests
and analysis assumed the following conditions:

Variables Nominal Values
Air velocity 50 ft. /sec,
Cooling fuel flow rate 100 Ibs/hr
Current through thermoelectrics (T.E.) 8 amps

Voltage through T. E. 2,4 to 8,0 volts
Inlet cooling fuel temperature -65° F to 330° F
Air temperature -65° F to 750° F

Figure 8  gives a simplified model of the various thermal transfer
mechanisms in operation in the module. Heat enters the module through the
cover, the lead wires, the mounting and the fuel lines. Internally heat is generated
by the hybrid circuit and the thermoelectric cooler. Heat from the hybrid circuit
is conducted to the cold plate and then pumped by the thermoelectric unit to the
primary heat exchanger, The cooling fuel flow in the primary heat exchanger carries
the heat out of the module, Since the thermoclectric unit can pump heat against
large adverse temperature gradients, the cold plate and the hybrid electronics can
be maintained at temperatures much cooler than the fuel tempe rature.

The TCM test unit constructed and tested employed aluminum con-
struction wherever possible to provide low weight while providing good thermal
properties at low cost. A cut-away drawing with locations of the thermocouples
used to obtain test data is shown in Figure 9. Table 7 lists the corresponding
thermocouple location. The unit shown, cpproximately full size, measures about
3.5 inches in diameter and 2. 75 inches high. The layout drawing for the thermally
conditioned module, Bendix Drawing FXD=-33900, has been reproduced in Figure 10,

16
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TABLE 1

Thermocouple Locations

Location

Fuel Exit Port

Fuel Inlet Port

Outer Cover -- Fuel Inlet Side
Outer Cover -- Top Side

Outer Cover -- Fuel Exit Port Side
Flectrical Connector Shell

Not used

Inner Cover - Center

Inner Cover -- I‘uel Inlet Side

Inner Cover -- Fuel Inlet Side Near Flange
Hybrid Circuit Cover

Hybrid Circuit Mounting Flange
Thermocelectric Cooler -- Cold Junction
Thermoelectric == Hot Junction

Not used

Downstream Ambient Air -=-= Near Fuel Inlet Port Side
Ambient Air -- Near Outer Cover - Top

Upstream Ambient Air -- Near Fuel Outlet Port Side
Inner Cover -- Fuel Exit Port Side -- On Flange
Module Base

18
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The hybrid electronics to be cooled are packaged ina 1,25"x1,25"x
0. 25" Kovar package. These circuits, with housing, are mounted on a printed
circuit card of 1, 75" x 2, 25", A cold plate is attached to the printed circuit board
and is in direct contact with the electronic package and the cold junction of the thermo-
electric cooler. Cooling flow circulation is into the primary heat exchanger (in
contact with the T, E. hot junction) and then thru the secondary heat exchanger to
the exit port.

The heat exchangers are shown in Figures 11 and12 ., Figure 11
is the primary heat exchanger (also called #1 heat exchanger). The thermoelectric
unit is mounted on the primary heat exchanger. The entering cooling flow to the
unit is channeled immediately to this primary heat exchanger. The cooling flow
after passing through the primary heat e xchanger then passes to the secondary heat
exchanger (Figure 12 ) which is mounted to the ta se plate and is'doughnut' shaped
to accommodate the connector in the center of the hase plate,
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3.2, DESIGN APPROACH

The design is illustrated in Figure 9.  The use of a thermoelectric
heat pump allows the electronics to operate at low temperatures even with fuel
temperatures in excess of the maximum rated level for electronic components.

Environmental heat transfer to the region of the electronics must be
minimized in order to reduce the the rmoelectric heat load. At low heat loads
the thermoelectire unit can maintain the electronic temperatures about 100° F
cooler than the entering fuel temperature, This temperature differential decreases
with increasing heat load,
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Dual heat exchangers and a double wall cover are used to keep the heat
load pumped by the thermoelectrics to a minimum, The inner cover is thermally
anchored to the secondary heat exchanger and insulated from the outer cover. The
objective is to hold the inner cover at or near the cooling fuel temperature, This
arrangement shrouds the hybrid circuit and the rmoelectric unit in a tempe rature
environment which is essentially equal to that of cooling fuel. The environmental
heat is effectively blocked from penetrating this shroud and.therefore, the
temperature in this critical space and the heat load that must be pumped by the
thermoelectric unit are basically independent of the air temperature surrounding the
package. The incoming cooling fuel is routed first to the primary heat exchanger
and then to the secondary heat exchanger. This provides a primary heat exchanger
temperature very nearly equal to that of incoming fuel. The electronic circuit is
mounted directly on the cold plate which is in direct contact with the thermo-
electric cooling element.

The design goals of the project were based upon projections of require -
ments for future high performance aircraft installations. These projections indicate
fuel temperatures that are normally below 275° F for the major portions of the
aircraft missions but with short term excursions to 330° F at some corner point
conditions. The limiting operation temperature of silicon base electronic components
is 257° I (125°C). The therma! conditioning must thus maintain tempe ratures
at or below this limit for the most severe conditions. Assuming the maxinium
temperature rise of 5° I between the cold plate and the electronic components,
the limiting cold plate temperature is then 252° F, Under these conditions. the
thermoelectric unit must be capable of pumping the heat load from the 252° I cold
plate to the 330° I primary heat exchanger, i.e., against a 78° F adverse temperature
differential,

For long term reliability of electronic components, it is desirable
that component temperature be maintained substantially below the 257° I limit
under normal operating conditions, A design goal of the project was to maintain
component temperatures below 170° I (cold plate temperature below 165° 1Y) for
a fuel temperature of 275* 1,  This goal requives that the thermoelectric unit be
designed to pump the heat load against a 110° F adverse temperature differential,
The major heat load source is the heat that is transferred from the inside cover to
the electronic circuit and cold plate. This load varies proportionately with the
temperature differential between the cold plate and the cover which is essentinlly
equal to the fuel temperature, The design condition thus requires the capability
of pumping 407 more heat load against a 407 higher adverse temperature diffe ren-
tial than a design based only on maintaining component temperatures below the
limiting value. In addition to the reliability considaration, the lower component
operating temperatures provide a margin to accommodate heat soak following
engine shut down,




Design calculations were made for the following conditions:

Ambient air temperature 750% F
Ambient air velocity 50 ft/sec.
Cooling fuel temperature 275° F
Cooling fuel flow rate 100 Ibs/hr.

The analytical heat balance was targeted for:

Thermoelectric cold plate temperature 165*F
Temperature difference cold plate to fuel 110°F

The heat balance analysis based on the above inputs and design targets

can be summarized as follows:

o
.

Heat Load to Thermoelectric Element

. Generated heat -hybrid circuit 2.5 BTU/hr
. Radiated & conducted heat to cold plate 10,3 BTU/hr

TOTAL 12,8 BTU/hr

To meet design targets, this establishes a requirement that the
thermoelectric unit meet a requirement of 110° F temperature
differential with a 12, 8 BTU/hr heat pumping load.

Heat Load to Primary Exchanger

. Thermoelectric Pump Load 12,8 BTU/hr
(Item 1 above)
- Power to Thermoelectrics 171.0 BTU/hr

TOTAL 183.8 BTU/hr

This sets a requirement for the primary heat exchanger. With a design

flow of 100 lbs/hr of fuel, the fuel tempem ture rise would be 3. 7°F,

Heat Load to Secondary Heat Exchanger

- Conduction from Inner Cover 81,0 BTU/hr
. Conduction through base 1210, 0 BTU /hr

TOTAL 1291.0 BTU/hr
This results in 25, 8° F temperature rise in the secondary heat
exchanger. Total fuel temperature rise per analysis is then 29, 5% I,

Details of the design analysis are presented in a later subheading of
Section [II.




The test and design analysis are compared in the following table.
Test data is taken from the data used to plot Figure 13.

Design Test
Location in Module Estimate Results
-3 I:\ o I;‘
Ambient 750 750
Outer Cover 713 750/680
Inner Cover 318 330/290
Thermoelectric Unit
Cold Plate 169 175
Hot Plate 279 o
Hybrid Electronics 174 185
Temperature difference
Cold plate to primary heat exchanger 110 90
Fuel Inlet Temperature 275 275
Cooling Fuel Flow 100 lbs/hr 100 1bs 'hr
Fuel Discharge Temperature 305 *

*Test data temperatures not reliable. Locations were such
that radiated and conducted heat resulted in erroneous
readings.

In general, the correlation between the theoretical analysis and empirical
data is reasonable, The high measured temperature drop of 10° I between the hybrid
electronics and the cold plate indicates that the thermal resistance between these
elements is twice the estimated value.

3.3. TEST RESULTS

Tests were run with the unit mounted in an air chamber with force
flow to obtain the test velocity of 50 ft/sec. A hydrogen burner with exhaust gas
mixed with room temperature air was used to obtain the module ambient temperature
for testing. The module was instrumented with thermocouples as shown in
Figure 9, The thermoeleetries were maintained at 8 amps during the test,
A photograph of the test equipment showing the hydrogen burner is given in Figure 13.

Test emphasis was on the high temperature fuel and air conditions. The
cooling fuel temperature was set initially to 150°F and the ambient air (air blown
past the module) was increased in steps to 750°F. At cach test point, data was monitored
until thermocouple readings stabilized and then the data was recorded. Stabilization
was reached in about three (3) minutes. The recorded temperatures are shown in
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Figure 14 for these tests, It is seen that the PC board temperature increases only
about 35° F for a 700° I increaze in the ambient air temperature. This demonstrates
the effectiveness of the thermal shield provided by the double cover arrangement.

Tests were also run in which the ambient air tempe rature was held
at 750° F and the fuel temperature varied in steps of 50° F to a maximum of 300° I,
The results given in Figure 15 shows that the temperature of the electronics
mereases in a nearly one-to-one relationship with fuel temperature increase,
as would be expected, The electronic circuits ran 80 to 90° F cooler than the entering
fuel temperature., The PC board and cold plate temperatures were measured at the
edge since it was not possible to locate thermocouples elsewhere, The temperatures
shown on the curves for these locations are as much as 50° F higher than at the
center of these members,

Note that on Figure 15 the thermocouple locations are marked on the
curve. On the inner cover the temperature gradient is such that temperature
decreases as the anchor point to the secondary heat exchanger is approached,
Orientation of the outer cover thermocouple was such that #5 was on the upstream
side of the cover and #2 is on the downstream side of the cover, The thermo ouple
directly on the top gave the lowest reading.

o O 1 itial Testing
The first set of test data is shown on curves of Figures 16 and 17
with some special tests shown on the curve of Figure 18.

The same procedure and sequence was used as described for the second
(final) test set already discussed.

Several minor hardware modifications were found to be necessary from
these initial test results. These changes were made which provided significant
performance improvements.

The difference is clearly indicated by comparing Figures 17 and
15. In the first test set, temperatures are higher at all locations; the T. . cold
plate was within 10° I of the inlet cooling fuel temperature, and the cold plate had
reached a temperature of 240° 1 at the 250° 1" cooling fuel temperature.
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The sharp increase in inner cover temperature, the reversal in tempera-
ture gradient between the top and side of the inner cover, and the inner cover being
significantly above the cooling fuel temperature were inconsistent with the design
analysis.

Examination of the thermally conditioned module and the test set up
indicated two areas which needed modilication. First a rivet was used at the top
of the dome to fasten the inner and outer covers together. [his was removed as
being structually unnecessary and a source of heat flow to the inner cover,

Second, it had been assumed in the design analysis that the inner cover
was thermally anchored to the secondary heat exchanger. As designed and tested
it was obvious that the inner cover where it extended from the side of the secondary
heat exchanger was exposed to the direct ambient air velocity, This area is noted
on Figure 3-3 as a critical area. As this arca of the inner cover is readily protected
(and assumed protected in the design analysis), a simple test baffle was made to
provide a dead air space between this eritical arca and the ambient, This baffle
also shielded the lower surface of the secondary heat exchanger. The shielding of
the secondary heat exchanger should only effect the fuel tempe rature rise through
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